Introduction {#tca12830-sec-0005}
============

Lung cancer (LC) is one of the most common malignant tumors in the world, and the leading cause of cancer‐related death in China. Non‐small cell lung cancer (NSCLC) accounts for approximately 85% of LC cases. At the time of diagnosis, approximately 75% of patients are in middle and late stages. The five‐year survival rate is very low.[1](#tca12830-bib-0001){ref-type="ref"}, [2](#tca12830-bib-0002){ref-type="ref"} Platinum‐based doublet chemotherapy is the first‐line standard treatment for late‐stage NSCLC.[3](#tca12830-bib-0003){ref-type="ref"}, [4](#tca12830-bib-0004){ref-type="ref"}, [5](#tca12830-bib-0005){ref-type="ref"} The emergence of molecular targeted drugs has brought great promise for the treatment of LC.[6](#tca12830-bib-0006){ref-type="ref"}, [7](#tca12830-bib-0007){ref-type="ref"}, [8](#tca12830-bib-0008){ref-type="ref"} In patients with *EGFR* sensitive mutations, the efficacy rate of EGFR‐tyrosine kinase inhibitors (TKI) is 71.2%, thus EGFR‐TKIs have become first‐line drugs for patients with *EGFR* sensitive mutant advanced LC. However, almost all patients eventually suffer from drug resistance. The primary or secondary drug resistance of EGFR‐TKIs greatly limits their clinical application[9](#tca12830-bib-0009){ref-type="ref"}, [10](#tca12830-bib-0010){ref-type="ref"}, [11](#tca12830-bib-0011){ref-type="ref"} therefore, finding a mechanism to alter drug resistance is of significant importance.

MicroRNA (miRNAs) are non‐coding RNAs, mainly mediating gene expression at posttranscriptional levels.[12](#tca12830-bib-0012){ref-type="ref"}, [13](#tca12830-bib-0013){ref-type="ref"} Hundreds of miRNAs have been found. In the human genome, miRNAs regulate protein encoding genes at a rate of approximately 1:3, controlling cell apoptosis, proliferation, differentiation, metabolism, individual development and tumorigenesis, and drug resistance.[14](#tca12830-bib-0014){ref-type="ref"}, [15](#tca12830-bib-0015){ref-type="ref"}, [16](#tca12830-bib-0016){ref-type="ref"} Target gene expression is regulated by two mechanisms: (i) binding to the untranslated region (3\'UTR) of the target messenger RNA (mRNA) 3\' end, inhibiting its translation; and (ii) like small interfering RNA (siRNA), miRNA binds to the target and degrades target mRNA.[17](#tca12830-bib-0017){ref-type="ref"}, [18](#tca12830-bib-0018){ref-type="ref"}, [19](#tca12830-bib-0019){ref-type="ref"} Recent studies have found that miRNAs regulate drug resistance by mediating their targeting genes in various cancers.[20](#tca12830-bib-0020){ref-type="ref"}, [21](#tca12830-bib-0021){ref-type="ref"}, [22](#tca12830-bib-0022){ref-type="ref"}, [23](#tca12830-bib-0023){ref-type="ref"}, [24](#tca12830-bib-0024){ref-type="ref"} In recent years, abnormal expression of miR‐873 has been found in many kinds of tumors, such as breast and ovarian cancers, and glioma.[25](#tca12830-bib-0025){ref-type="ref"}, [26](#tca12830-bib-0026){ref-type="ref"}, [27](#tca12830-bib-0027){ref-type="ref"} MiR‐873 plays a role in promoting cancer or anticancer by regulating tumor cell invasion, migration, proliferation, apoptosis, and sensitivity to chemotherapeutic drugs.[28](#tca12830-bib-0028){ref-type="ref"}, [29](#tca12830-bib-0029){ref-type="ref"}, [30](#tca12830-bib-0030){ref-type="ref"}, [31](#tca12830-bib-0031){ref-type="ref"} Nevertheless, the role of miR‐873 in drug resistance in NSCLC is still unknown.

We detected mRNA levels of miR‐873 in normal human lung epithelial cells and highly sensitive EGFR‐TKI NSCLC cells by quantitative real‐time (qRT)‐PCR. According to data from the miRanda and Targetscan websites, we predicted the binding sites of miR‐873 to related target genes. The influence of miR‐873 on NSCLC repressed by gefitinib was explored.

Methods {#tca12830-sec-0006}
=======

Cell culture {#tca12830-sec-0007}
------------

Normal human lung epithelial (BEAS‐2B), EGFR‐TKI highly sensitive NSCLC (PC9), EGFR‐TKI resistant (PC9/GR), and human embryonic kidney (HEK293T) cell lines were provided by Shanghai Mingjing Biology Co., Ltd. (Shanghai, China). BEAS‐2B and HEK293T cells were cultured in Dulbecco\'s modified Eagle medium (Solarbio, Shanghai, China), including 10% fetal bovine serum (Gibco, Grand Island, NY, USA), 100 U/mL penicillin, and 100 ug/mL streptomycin (Thermo Fisher Scientific, Shanghai, China), and incubated at 37°C with 5% CO~2~ (Thermo Electron, Marietta, OH, USA).

Cell transfection {#tca12830-sec-0008}
-----------------

The miR‐873 inhibitor and empty vector (mock) were obtained from Shanghai Tuoran Biology Co., Ltd (Shanghai, China). The negative control siRNA (MBS 8241404) and *GLI1* siRNA (MBS8208749) were purchased from MyBio Source (San Diego, CA, USA). PC9 cells were transfected with mimics or siRNA (50 pmol) using Lipofectamine 2000 (Solarbio) for 48 hours according to a standardized method.

Using data from the miRanda and Targetscan websites, we predicted the binding site of the *GLI1* gene to miR‐873. The 3\'UTR of *GLI1* with affinity for miR‐873 and a mutant reporter were cloned to the downstream of firefly luciferase of psiCHECK‐2 vector (Hibio, Hangzhou, China). MiR‐873 was then co‐transfected into HEK293T cells using Lipofectamine 2000. After transfection, luciferase activity analysis was performed.

Quantitative real‐time PCR assay {#tca12830-sec-0009}
--------------------------------

Total RNA was harvested by TRIzol (Yeasen, Shanghai, China). One microgram of RNA was applied to synthesize complementary DNA (cDNA) using a TIANScript cDNA Synthesis kit (Tiangen, Beijing, China). The reaction conditions were: 85°C for 15 minutes and 4°C for five minutes. The cDNA was amplified using a SYBR Premix ExTaq II kit (Thermo Fisher Scientific). The reaction conditions were: 95°C for five minutes, 92°C for 15 seconds and 60°C for 35 seconds for 30 cycles, and 72°C for 35 seconds. The primers are listed in Table [1](#tca12830-tbl-0001){ref-type="table"}. U6 and

###### 

Primer sequences

  Primer name       Sequence (5′‐3′)        Product size (bp)
  ----------------- ---------------------- -------------------
  miR‐873‐forward   CTGCACTCCCCCACCTG      
  miR‐873‐reverse   GTGCAGGGTCCGAGGT               220
  GLI1‐forward      TACTCACGCCTCGAAAACCT   
  GLI1‐reverse      AGGACCATGCACTGTCTTGA           235
  U6‐forward        ACACCAAGCAGTCCGAAGAG   
  U6‐reverse        ACAAAATTTCTCACGCCGGT           220
  GAPDH‐forward     CCATCTTCCAGGAGCGAGAT   
  GAPDH‐reverse     TGCTGATGATCTTGAGGCTG           222

glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) were used as internal controls. The 2^‐ΔΔCT^ formula was used to assess gene expression.

Western blot {#tca12830-sec-0010}
------------

Total protein was harvested by radioimmunoprecipitation assay (high) (Beyotime, Shanghai, China). A BCA protein assay kit (Jining Shiye, Shanghai, China) was used to detect protein content. Protein was separated by sodium dodecyl sulfate‐polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane (Tengxiang, Yueqing, Wenzhou, Zhejiang, China). The membranes were sealed using tris‐buffered saline plus tween 20 containing 5% non‐fat milk at room temperature for 90 minutes, and hybridized to anti‐GLI1 (ab134906) and anti‐GAPDH (ab157156) (dilution: 1:1200; Abcam, Cambridge, UK) at 4°C overnight. Corresponding secondary antibodies (rabbit anti‐mouse immunoglobulin G \[IgG\], Cell Signaling Technology, Danvers, MA, USA; \#58802, 1:7000; goat anti‐mouse IgG, ab6785, 1:7000, Abcam) were added to bind to the membranes at 37°C for 60 minutes. The blots were exposed by a WFH‐101B gel imaging analysis system (Jinke, Shanghai, China).

Luciferase activity analysis {#tca12830-sec-0011}
----------------------------

A dual luciferase reporter gene assay kit (Yeasen) was used to measure luciferase activity following the standard method. HEK293T cells were lysed using lysate. Cell suspension was transferred to a black enzyme plate. The cells were then resuspended using medium. The supernatant was seeded in a 96‐well plate, then firefly and sea kidney luciferase reaction solutions were added to the plates. The data were measured using a multimode reader (SuPerMax‐3100, Shanpu, Shanghai, China).

Cell counting kit‐8 analysis {#tca12830-sec-0012}
----------------------------

Cell counting kit‐8 (Beyotime, Shanghai, China) was used to assess the viability of PC9 cells. PC9 cells were cultured in 96‐well plates (2 × 10^3^ cells/well) in the incubator for 24 hours. Cells were then exposed to miR‐873 inhibitor, empty vector (mock), and 40 nM gefitinib for 48, 72, and 144 hours. After treatment, the CCK‐8 reagent was dripped to the well, and cells were cultured in the incubator for four hours. Absorbance was assessed using a multimode reader.

Angiogenic analysis {#tca12830-sec-0013}
-------------------

PC9 cells were cultured in 6‐well plates (3 × 10^4^ cells/well) in the incubator for 24 hours. Cells were exposed to miR‐873 inhibitor, empty vector (mock), and 40 nM gefitinib for 48 hours. The medium from each group was collected for the following experiments. Matrigel Basement Membrane Matrix (BD Biosciences, San Jose, CA, USA) was added into a 96‐well plate and allowed to polymerize at 37°C for 30 minutes. The human umbilical vein endothelial cells (2 × 10^4^/well) were plated in a 96‐well plate containing the pre‐described condition medium and maintained for 20 hours at 37°C, 5% CO~2~. Finally, the endothelial cell tube was observed under an inverted microscope (TL3000 Ergo; Leica, Microsystems, Wetzlar, Germany). Tube formation was defined as: 1000 × total area of connected tubes/total image area.

Flow cytometry {#tca12830-sec-0014}
--------------

The proliferation of PC9 cells was detected by carboxyfluorescein succinimidyl amino ester (CFSE). After cell treatment, cell suspension was prepared. CFSE solution was added into the cell suspension and shaken up. Cell proliferation was evaluated using flow cytometry (Attune NxT, Thermo Fisher Scientific).

Statistical analysis {#tca12830-sec-0015}
--------------------

The data were presented as mean ± standard deviation. One‐way analysis of variance was performed to evaluate the differences between groups using SPSS version 20 (IBM Corp., Armonk, NY, USA). *P* \< 0.05 was considered statistically significant. Each experiment was repeated at least three times.

Results {#tca12830-sec-0016}
=======

MiR‐873 expression was negatively correlated with *GLI1* expression in PC9 cells {#tca12830-sec-0017}
--------------------------------------------------------------------------------

The mRNA levels of miR‐873 and *GLI1* were detected by qRT‐PCR assay, which revealed a significant decrease of *GLI1* mRNA, but an increase of miR‐873 mRNA in PC9 cells compared to BEAS‐2B cells (Fig [1](#tca12830-fig-0001){ref-type="fig"}a,b) (*P* \< 0.05) (Fig [1](#tca12830-fig-0001){ref-type="fig"}a,b). MiR‐873 expression was negatively correlated with *GLI1* expression in PC9 cells (Fig [1](#tca12830-fig-0001){ref-type="fig"}c,d). As shown in Figure [1](#tca12830-fig-0001){ref-type="fig"}e, the half‐maximal inhibitory concentration (IC50) of gefitinib was \< 20 nM in PC9 cells; however, the IC50 of gefitinib reached \> 40 nM when the cells were treated with miR‐873 inhibitors.

![miR‐873 expression was negatively correlated with *GLI1* expression in PC9 cells. (**a,b**) *GLI1* and miR‐873 expression were assessed by quantitative real‐time PCR. Glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) and U6 were used as internal controls. \**P* \< 0.01 vs. BEAS‐2B cells. The correlation between between *GLI1* and miR‐873 expression was determined in (**c**) PC‐9 and (**d**) PC‐9/GR cells. (**e**) The inhibition rate of gefitinib in the presence of miR‐873 I (miR‐873 inhibitor). mRNA, messenger RNA.](TCA-9-1262-g003){#tca12830-fig-0001}

*GLI1* is a target gene of miR‐873 {#tca12830-sec-0018}
----------------------------------

The qRT‐PCR data revealed that miR‐873 expression was obviously decreased when PC9 cells were transfected with the miR‐873 inhibitor (*P* \< 0.05) (Fig [2](#tca12830-fig-0002){ref-type="fig"}a). *GLI1* mRNA and protein expression were obviously upregulated when PC9 cells were administered an miR‐873 inhibitor (*P* \< 0.05) (Fig [2](#tca12830-fig-0002){ref-type="fig"}b,c). Data from the miRanda and Targetscan websites predicted the binding site of miR‐873 on the *GLI1* gene. There is a potential binding site in the 3'UTR region of the *GLI1* gene (Fig [2](#tca12830-fig-0002){ref-type="fig"}d). Additionally, luciferase activity report assay findings showed that the relative luciferase activity of GLI1--3'UTR was markedly decreased in the presence of miR‐873. However, the relative luciferase activity of GLI1--3'UTR mut was not altered by miR‐873 (*P* \< 0.05) (Fig [2](#tca12830-fig-0002){ref-type="fig"}e).

![*GLI1* was a potential target gene of miR‐873. (**a**) miR‐873 messenger RNA (mRNA) expression was evaluated by quantitative real‐time (qRT)‐PCR. qRT‐PCR and Western blot assays were performed to assess *GLI1* (**b**) mRNA and (**c**) protein levels. \**P* \< 0.01 versus control; \*\**P* \< 0.01 versus mock. (**d**) The binding site of *GLI1* to miR‐873 was predicted. The *GLI1* 3' untranslated region (UTR)‐mutant (mut) is presented. (**e**) The 3'UTR of *GLI1* with affinity for miR‐873 and a mutant reporter were cloned to the downstream of firefly luciferase of psiCHECK‐2 vector. miR‐873 was transfected into HEK293T cells. Luciferase activity was examined. \**P* \< 0.01 versus *GLI1* 3'UTR; \*\**P* \< 0.01 miR‐873 **+** GLI1--3'UTR + mut. NS, not significant.](TCA-9-1262-g001){#tca12830-fig-0002}

Effect of miR‐873 on cell viability, proliferation, and angiogenesis {#tca12830-sec-0019}
--------------------------------------------------------------------

The expression of miR‐873 was decreased in cells treated with gefitinib or miR‐873 inhibitors. The combination of gefitinib and miR‐873 inhibitors further decreased the expression of miR‐873 (Fig [3](#tca12830-fig-0003){ref-type="fig"}). As CCK‐8 data shows, gefitinib predominantly decreased cell viability at 72 and 144 hours. Cell viability was notably increased in cells treated with miR‐873 inhibitor and gefitinib compared to gefitinib or mock (*P* \< 0.05) (Fig [4](#tca12830-fig-0004){ref-type="fig"}a). Angiogenic analysis revealed that gefitinib reduced tube formation. Tube formation was drastically augmented by the miR‐873 inhibitor (*P* \< 0.05) (Fig [4](#tca12830-fig-0004){ref-type="fig"}b,c). Meanwhile, flow cytometry data revealed a decrease in cell numbers in cells administered gefitinib, but an increase in cell numbers in cells exposed to miR‐873 inhibitor and gefitinib (*P* \< 0.05) (Fig [4](#tca12830-fig-0004){ref-type="fig"}d).

![MiR‐873 expression was detected by quantitative real‐time (qRT)‐PCR. PC9 cells were exposed to miR‐873 inhibitor, empty vector (mock), and 40 nM gefitinib for 48, 72, and 144 hours. \**P* \< 0.05.](TCA-9-1262-g005){#tca12830-fig-0003}

![MiR‐873 inhibition increased the proliferation and angiogenesis of PC9 cells inhibited by gefitinib. (**a**) PC9 cells were exposed to miR‐873 inhibitor, empty vector (mock), and 40 nM gefitinib for 48, 72, and 144 hours. Cell viability was evaluated by cell counting kit‐8. (**b,c**) Tube formation of PC9 cells was analyzed using angiogenic analysis. (**d**) Cell proliferation was determined by flow cytometry. \**P* \< 0.01 versus control. \*\**P* \< 0.01 gefitinib or mock. NS, not significant.](TCA-9-1262-g006){#tca12830-fig-0004}

Repression of miR‐873 enhanced *GLI1* expression in PC9 cells {#tca12830-sec-0020}
-------------------------------------------------------------

Western blot and qRT‐PCR were used to determine the molecular mechanism of miR‐873 on PC9 cells. As qRT‐PCR shows, gefitinib conspicuously upregulated the mRNA level of *GLI1*. When cells were exposed to the miR‐873 inhibitor and gefitinib, the *GLI1* mRNA level was enhanced compared to gefitinib or mock (*P* \< 0.05) (Fig [5](#tca12830-fig-0005){ref-type="fig"}a). The protein trend of *GLI1* was also increased by miR‐873 inhibitor and gefitinib compared to gefitinib or mock (*P* \< 0.05) (Fig [5](#tca12830-fig-0005){ref-type="fig"}b,c). *GLI1* knockdown increased the sensitivity of PC9 to gefitinib. Our data also revealed that downregulation of *GLI1* promoted apoptosis in PC9 cells compared to gefitinib treatment alone (*P* \< 0.05) (Fig [6](#tca12830-fig-0006){ref-type="fig"}), indicating that inhibition of *GLI1* improved the effectiveness of gefitinib in PC9 cells.

![miR‐873 inhibition enhanced *GLI1* expression in PC9 cells. (**a,b**) Messenger RNA (mRNA) and protein levels of *GLI1* were identified using (**a**) quantitative real‐time PCR and (**b**) Western blot assays. \**P* \< 0.01 versus control; \*\**P* \< 0.01 gefitinib or mock. GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; NS, not significant.](TCA-9-1262-g002){#tca12830-fig-0005}

![Downregulation of *GLI1* enhanced cell sensitivity to gefitinib. PC9 cells were exposed to 40 nM gefitinib, gefitinib + small interfering (si)RNA negative control (NC), and gefitinib+siGLI1; untreated cells were considered the control. Cell apoptosis was determined by flow cytometry assay. \**P* \< 0.05.](TCA-9-1262-g004){#tca12830-fig-0006}

Discussion {#tca12830-sec-0021}
==========

In the present study, *GLI1* was identified as a potential target gene for miR‐873 in NSCLC according to data from the miRanda and Targetscan websites. MiR‐873 and *GLI1* expression has a negative correlation in NSCLC cells (PC9) highly sensitive to EGFR‐TKIs. Relative luciferase activity was markedly enhanced in PC9 cells treated with miR‐873 inhibitor and GLI‐3'UTR. Suppression of miR‐873 significantly enhanced the viability, angiogenesis, and proliferation of PC9 cells inhibited by gefitinib, followed by upregulation of *GLI1*.

The Hh signaling pathway is highly activated in NSCLC.[32](#tca12830-bib-0032){ref-type="ref"}, [33](#tca12830-bib-0033){ref-type="ref"}, [34](#tca12830-bib-0034){ref-type="ref"} GLI1 is the transcription factor of the Hh signaling pathway and its downstream target gene. Its expression is highly dependent on the activity of the Hh signal and is often used as a marker for activation of the Hh signaling pathway.[35](#tca12830-bib-0035){ref-type="ref"}, [36](#tca12830-bib-0036){ref-type="ref"} Furthermore, Gao *et al*. proved that miR‐873 inhibits the progression of lung adenocarcinoma.[37](#tca12830-bib-0037){ref-type="ref"} Zhang *et al*. confirmed that miR‐873 represses H9C2 cell proliferation by regulating *GLI1*.[31](#tca12830-bib-0031){ref-type="ref"} Thus, we hypothesized that miR‐873 and GLI1 may be linked in NSCLC. As expected, we found that *GLI1* is a target gene of miR‐873 in NSCLC. In addition, there is a negative correlation between miR‐873 and *GLI1* expression in PC9 cells. MiR‐873 inhibition markedly promoted the expression of *GLI1*. Luciferase activity was increased in PC9 cells exposed to miR‐873 and GLI‐3'UTR, thus miR‐873 and *GLI1* were selected as research objects.

Gefitinib, an EGFR‐TKI, is the first targeted drug to treat advanced‐stage NSCLC.[38](#tca12830-bib-0038){ref-type="ref"}, [39](#tca12830-bib-0039){ref-type="ref"}, [40](#tca12830-bib-0040){ref-type="ref"} Our data showed that gefitinib reduces cell viability and proliferation in PC9 cells. Angiogenesis was also inhibited by gefitinib. However, gefitinib will develop resistance in cancer during its application. Recently, a large number of articles have reported gefitinib resistance in NSCLC cells.[40](#tca12830-bib-0040){ref-type="ref"}, [41](#tca12830-bib-0041){ref-type="ref"}, [42](#tca12830-bib-0042){ref-type="ref"} Herein, we explored the role of miR‐873 in gefitinib resistance in PC9 cells.

It is well known that the development of neovascularization is a necessary condition for tumor growth and metastasis.[43](#tca12830-bib-0043){ref-type="ref"}, [44](#tca12830-bib-0044){ref-type="ref"} The unrestricted growth, invasion, and metastasis of the tumor are dependent on angiogenesis. Meanwhile, neovascularization provides nutrients for the growth of the tumor and is also an important method to excrete tumor cells. During angiogenesis, tumor growth changes from slow to rapid; angiogenesis is the key step to facilitate this transformation. Inhibition of angiogenesis can obviously control tumor growth and metastasis.[45](#tca12830-bib-0045){ref-type="ref"}, [46](#tca12830-bib-0046){ref-type="ref"}, [47](#tca12830-bib-0047){ref-type="ref"}, [48](#tca12830-bib-0048){ref-type="ref"}, [49](#tca12830-bib-0049){ref-type="ref"} In this study, we found that miR‐873 suppression conspicuously enhanced the viability and growth of PC9 cells treated with gefitinib. Moreover, the inhibition of miR‐873 increased angiogenesis. These findings suggest that miR‐873 repression heightens gefitinib resistance in NSCLC cells.

Xie *et al*. reported that a decrease in RKIP increases radioresistance in NSCLC cells by regulating *GLI1* signaling.[50](#tca12830-bib-0050){ref-type="ref"} Bora‐Singhal *et al*. reported that silence of *GLI1* combined with EGFR inhibitors obviously attenuates the growth of NSCLC cells.[51](#tca12830-bib-0051){ref-type="ref"} In our study, we observed that miR‐873 drastically enhanced the level of *GLI1* in PC9 cells. Moreover, *GLI1* downregulation enhanced apoptosis of PC9 cells, caused by gefitinib. These results imply that the inhibition of miR‐873 exerted in PC9 cells is more likely related to upregulation of *GLI1*.

*GLI1* is a target gene of miR‐873 in NSCLC. Suppression of miR‐873 accelerated the viability, angiogenesis, and proliferation of PC9 cells suppressed by gefitinib. MiR‐873 suppression strengthened gefitinib resistance in NSCLC cells by upregulating *GLI1*. These results prove that miR‐873‐GLI1 signaling is involved in gefitinib resistance in NSCLC. How to control drug resistance in NSCLC requires further research.
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